Aim: To investigate whether rhTGF-β1 or a recombinant vector encoding a fusion protein comprising an extracellular domain of TGF-β receptor II and an IgG Fc fragment) affects the regulation of CXC chemokine receptor 4 (CXCR4) expression in MCF-7 human breast cancer cells. Methods: MCF-7 breast cancer cells were treated with rhTGF-β1 or transfected with a recombinant vector, pIRES2-EGFP-TβRII-Fc. Expression of CXCR4 in these cells was then analyzed at the mRNA and protein levels by quantitative RT-PCR and flow cytometry assay, respectively. A transwell assay was used to measure the chemotactic response of these cells to SDF-1α. Results: CXCR4 mRNA and protein expression were upregulated in TGF-β1-treated MCF-7 cells. These cells also demonstrated an enhanced chemotactic response to SDF-1α. In MCF-7 cells transiently transfected with pIRES2-EGFP-TβRII-Fc, a fusion protein named TβRII-Fc (approximately 41 kDa) was produced and secreted. In these transfected cells, there was a reduction in CXCR4 expression and in the SDF-1α-mediated chemotactic response. Conclusion: TGF-β1 upregulated CXCR4 expression in MCF-7 cells, which subsequently enhanced the SDF-1α-induced chemotactic response. The results suggest a link between TGF-β1 and CXCR4 expression in MCF-7 human breast cancer cells, which may be one of the mechanisms of TGF-β1-mediated enhancement of metastatic potential in breast cancer cells.
Introduction
Breast cancer is one of the most common forms of malignancy in women around the world. Moreover, metastatic cancer is the main cause of death for breast cancer patients. Although the precise mechanism remains unclear, both transforming growth factor beta 1 (TGF-β1) and CXC chemokine receptor 4 (CXCR4) may play important roles in the process of breast cancer metastasis [1, 2] . CXCR4 is a seven-transmembrane G protein-coupled receptor. A ligand for this receptor is stromal cell-derived growth factor-1α (SDF-1α or CXCL12), which is a member of the CXC chemokine family [3, 4] . The SDF-1α/CXCR4 interaction is critical for the migration of hematopoietic and non-hematopoietic cells in physiological and pathological processes [5] . Muller et al demonstrated that CXCR4 expression was upregulated in human breast cancer cells, malignant breast tumors and metastases, but was undetectable in normal mammary epithelial cells [2] . SDF-1α is constitutively produced in many organs and is especially abundant in the bone marrow, lymph nodes, lungs and liver [2, 6] . The SDF-1α/CXCR4 interaction contributes to the metastatic spread of breast cancer cells to these organs, which are the main sites of human breast cancer metastases [2] . TGF-β1 has also been suggested to play a critical role in breast cancer metastasis [7] . In fact, TGF-β1 is a multifunctional cytokine that elicits a diverse range of cellular responses including cell proliferation, differentiation, apoptosis, matrix remodeling, adhesion, invasion and migration [8] . Generally, TGF-β1 can be produced by many different cell types and is usually secreted in a latent (ie inactive) form, which is unable to bind to its receptors until converted to its active form [1] . Once activated, TGF-β1 binds to TGF-β type II receptor (TβRII), which then recruits, phosphorylates and activates TGF-β type I receptor (TβRI), and signal transmission is finally Transforming growth factor-β1 upregulates the expression of CXC chemokine receptor 4 (CXCR4) in human breast cancer MCF-7 cells [1] . Intriguingly, TGF-β1 expression was increased significantly in advanced human breast tumor cells [9] [10] [11] . More importantly, there is growing evidence that indicates aberrant TGF-β expression is associated with breast cancer metastasis [7] . For example, increased TGF-β1 expression resulted in the promotion of breast cancer metastasis [12] , while blockade of TGF-β signaling has been shown to inhibit breast cancer metastasis [13] [14] [15] [16] . Previous studies have investigated the relationship between TGF-β1 and CXCR4 expression. For example, TGF-β1 has been reported to induce the expression of CXCR4 on dendritic cells [17, 18] . Similar results were also observed in eosinophils, CD4 + T cells , macrophages derived from monocytes [19] [20] [21] , and so on. Moreover, Javelaud et al found that TGF-β1 upregulated CXCR4 mRNA expression in melanoma cells [22] . As there were few studies available, we wanted to investigate the effect of TGF-β1 on the regulation of CXCR4 expression in MCF-7 breast cancer cells, which have been reported to express CXCR4, TGF-β1 and its receptors [2, 23, 24] . In this study, we applied two strategies. In one strategy, MCF-7 cells were treated with TGF-β1, and the other strategy involved transient transfection of MCF-7 cells with a recombinant vector encoding a fusion protein comprising the extracellular domain of TGF-β receptor II and an IgG Fc fragment. We then examined the expression of CXCR4 in these cells and their chemotactic response to SDF-1α.
Materials and methods

Mammalian cell culture
Human breast cancer cell line MCF-7 was maintained in DMEM containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin and incubated at 37 °C in a 5% CO 2 atmosphere.
TGF-β1 treatment MCF-7 cells were seeded into 24-well plates in DMEM with 10% FBS and cultured for 24 h. The cells were washed with PBS and then treated with various concentrations (0, 1, 10, 100 ng/mL) of rhTGF-β1 (Upstate) in serum-free DMEM for 48 h before harvesting.
Construction and transient transfection of bicistronic vectors
The extracellular region of the human TGF-β type II receptor was amplified by PCR from pEGFP/ΔTβRII constructed previously [25] and introduced 5′ BamH I and 3′ Hind III restriction sites. The PCR products were then purified, digested with BamH I and Hind III, and inserted into a recombinant vector pcDNA3.1-Fc [26] containing the Fc fragment of human IgG1. Next, the chimeric gene of TGF-β receptor II and IgG Fc fragment (TβRII-Fc) was subcloned into the Bgl II/Sal I sites of the pIRES2-EGFP vector to generate a recombinant plasmid pIRES2-EGFP-TβRII-Fc. Their authenticity was confirmed by DNA sequencing.
The recombinant vector pIRES2-EGFP-TβRII-Fc was transfected into MCF-7 cells using the lipofectamine method described previously [27] , while control cells were transfected with the vector pIRES2-EGFP.
Reverse transcription-PCR
To examine TβRII-Fc mRNA expression in MCF-7 cells transfected with pIRES2-EGFP-TβRII-Fc, RT-PCR assay was performed as described previously [27] . The sequences of the primers were as follows: sense primer: 5′-GGAAGATCTACCATG-GGTCGGGGGCTGCTC-3′ and antisense primer: 5′-ACGCGT CGACTCATTTACCCGGGGACAG-3′. Finally, the PCR products were analyzed on 1.5% agarose gel electrophoresis.
Western blotting analysis
Cell lysates of the transfected cells or parental MCF-7 cells were prepared, separated by SDS/PAGE, blotted onto a PVDF membrane as described previously [27] , and then probed with horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Pierce) to detect recombinant protein TβRII-Fc expression. After cells were washed with PBST, the peroxidase reaction was visualized using an enhanced chemiluminescent substrate (Santa Cruz Biotechnology).
ELISA
A sandwich ELISA assay was used to measure the amount of TβRII-Fc fusion protein in the culture supernatants of transfected cells and of parental MCF-7 cells. After a 24-h transfection, the cells were washed with PBS and incubated in serumfree medium for an additional 48 h. The culture supernatants were then collected in siliconized microcentrifuge tubes and stored at -80 °C until analysis for TβRII-Fc levels by ELISA. In brief, a 96-well plate was coated at 4 °C overnight with goat anti-human IgG (25 μg/mL, Pierce) in 50 mmol/L carbonate buffer and rinsed three times with PBST. The wells were then blocked with 1% BSA (37 °C for 2 h) and washed with PBST three times. Meanwhile, the culture supernatants of the tested cells were centrifuged for 5 min at 3500×g in order to eliminate cell debris. These supernatants (100 μL/well) were added to the wells and incubated for 1 h at 37 °C. The wells were then washed five times with PBST and incubated for 1 h at 37 °C with 1:3000 horseradish peroxidase-conjugated antihuman IgG (Zhongshan Biotech, Beijing, China). After being washed, the wells were incubated for 15 min with 100 μL of horseradish peroxidase substrate solution. The reaction was stopped with H 2 SO 4 and the absorbance was measured at 492 nm. Finally, the relative concentration of TβRII-Fc in the culture supernatants was determined based on a standard curve generated by known amounts of human IgG.
Real-time PCR The tested cells were collected and reverse transcription was carried out as described above. The cDNAs were then used for real-time PCR, using SYBR green for the detection of the PCR products. The primers for CXCR4 amplification were 5′-GAACCCTGTTTCCGTGAAGA-3′ and 5′-CTTGTCCGTCATGCTTCTCA-3′. Samples were incubated at 96 °C for 3 min, followed by 40 complete cycles (96 °C for 1 min, 56 °C for 1 min, and 72 °C for 1 min), and a final exten-www.chinaphar.com Zhao XP et al Acta Pharmacologica Sinica npg sion step was performed at 72 °C for 3 min. Relative quantification of gene expression was analyzed by the 2 -∆∆Ct method with β-actin as the endogenous control [28] .
Flow cytometry analysis
The tested cells were collected and preincubated with human IgG (1 μg /10 5 cells) for 15 min at room temperature. The cells were then incubated with 10 μL of allophycocyanin (APC)-conjugated mouse anti-human CXCR4 monoclonal antibody (R&D Systems) for 30 min at 4 °C. After this incubation, unbound antibodies were removed by washing with PBS, and the cells were resuspended in 200 μL PBS buffer for analysis by flow cytometry (Becton-Dickison FACScalibur).
Chemotaxis assays
Chemotaxis assays were performed using 24-well transwell plates (8-µm pores; Corning Inc). Briefly, upper and lower transwell chambers were separated by a filter precoated with fibronectin at 4 °C overnight. Then, tested cells (2×10 5 in 100 μL DMEM containing 1 mg/mL BSA) were loaded into the upper chamber, while the lower chamber was filled with 600 μL of serum-free medium with or without SDF-1α (12.5 ng/mL, Upstate). After the plates were incubated in 5% CO 2 at 37 °C for 5 h, the cells on the upper surface were wiped off with a cotton swab, and the filters were washed with PBS, fixed in 100% methanol and stained with crystal violet. Next, the number of cells on the lower side was counted in five highpower fields (×200) per filter. The chemotaxis index was calculated as a ratio between the number of cells migrated toward SDF-1α and the number of cells migrated in the absence of SDF-1α.
Statistical analysis
All experiments were performed at least three times, and the results shown are from representative experiments. All data are expressed as means±standard deviation. Statistical significance was analyzed by Student's unpaired t-test for two groups and two-way analysis of variance (ANOVA), followed by the Newman-Keuls Student test for multiple groups, with the significance level set at P<0.05.
Results
TGF-β1 treatment increased CXCR4 expression in MCF-7 cells TGF-β1 upregulates CXCR4 expression on dendritic cells, eosinophils, T cells, macrophages and melanoma cells [17] [18] [19] [20] [21] [22] . To investigate the effect of TGF-β1 on breast cancer cells, the human breast cancer cell line MCF-7 was treated with rhTGF-β1 at concentrations of 0 (control), 1, 10, 100 ng/mL for 48 h. Next, total RNA was isolated for real-time PCR analysis of CXCR4 mRNA expression. TGF-β1 treatment, as shown in Figure 1A , resulted in a significant increase in CXCR4 mRNA expression in MCF-7 cells. CXCR4 mRNA increased approximately 6-fold (TGF-β1, 1 ng/mL), 6-fold (TGF-β1, 10 ng/mL), and 10-fold (TGF-β1, 100 ng/mL) compared with the control group. Flow cytometric analysis also demonstrated that CXCR4 expression was increased on the surface of these treated cells ( Figure 1B) . Thus, the expression of CXCR4 mRNA and protein was increased in MCF-7 cells after treatment with TGF-β1. To determine whether TGF-β1-induced upregulation of CXCR4 expression has a corresponding biological effect, we examined the chemotactic response of MCF-7 cells to SDF-1α using a chemotaxis assay. MCF-7 cells were treated with or without TGF-β1 (1 ng/mL) for 48 h and then subjected to the chemotaxis assay described above. Figure 2 shows that TGF-β1 treatment was associated with a 2.5-fold increase in the chemotactic response to SDF-1α (P<0.01). These results suggest that TGF-β1 treatment not only led to an upregulation of CXCR4 expression in MCF-7 cells but also increased the chemotactic response to SDF-1α.
3B). The result of the ELISA, illustrated in Figure 3C , revealed that the TβRII-Fc fusion protein was detected in the culture supernatants of TβRII-Fc transfected cells, while it was undetectable in control groups. These results suggested that the TβRII-Fc fusion protein was produced and secreted by MCF-7 cells transfected with pIRES2-EGFP-TβRII-Fc.
CXCR4 mRNA and protein expression were reduced in TβRII-Fc transfected MCF-7 cells To investigate whether CXCR4 expression is regulated by fusion protein TβRII-Fc in transfected MCF-7 cells, CXCR4 expression at the mRNA and protein levels was measured in these cells. The result of real time quantitative PCR revealed that the level of CXCR4 mRNA expression was reduced by sixty percent in the TβRII-Fc transfected cells compared with A TβRII-Fc fusion protein was secreted by MCF-7 cells transfected with pIRES2-EGFP-TβRII-Fc TβRII-Fc, a fusion protein composed of the extracellular domain of TGF-β type II receptor and the constant region of IgG1, has been found to inhibit the metastasis of mammary tumor cells [7] . To obtain TβRII-Fc fusion protein, we constructed a bicistronic plasmid, pIRES2-EGFP-TβRII-Fc, which expressed TβRII-Fc and EGFP separately. This construct was confirmed by restriction digest analysis and DNA sequencing (data not shown). MCF-7 cells were transfected with either pIRES2-EGFP-TβRII-Fc or pIRES2-EGFP (control). Forty-eight hours later, total RNA, cell lysates and culture supernatants were examined by RT-PCR, Western blotting, and ELISA, respectively. The RT-PCR products were analyzed by electrophoresis in a 1.5% agarose gel. A specific band of 1200 bp was observed in the TβRII-Fc transfected MCF-7 cells, but not in the vector control or parental cells ( Figure 3A ). This result confirmed that TβRII-Fc mRNA was expressed in pIRES2-EGFP-TβRII-Fc transfected cells. By Western blotting, the recombinant TβRII-Fc was detected as a strong 41-kDa band, Figure 4A ). In addition, CXCR4 expression was also reduced on the surface of the TβRII-Fctransfected cells as measured by flow cytometry ( Figure 4B) (Figure 4Ba-c) . TβRII-Fc may reduce CXCR4 protein expression in both autocrine and paracrine fashions. Therefore, the TβRII-Fc transfected MCF-7 cells demonstrated a decrease in CXCR4 expression at both the mRNA and the protein levels.
The SDF-1α-induced chemotactic response was inhibited in the TβRII-Fc transfected MCF-7 cells To further investigate the effect on the chemotactic response, transfected MCF-7 cells were subjected to chemotaxis assays in response to SDF-1α, as described above. The results in Figure  5 indicated that the TβRII-Fc transfected cells exhibited lower chemotactic activity than control cells (P<0.01). This suggests 
Discussion
Although metastasis is the main cause of death in breast cancer patients, the molecular mechanism of breast cancer metastasis remains largely unknown. Recent studies have revealed that both TGF-β1 and CXC chemokine receptor 4 (CXCR4) are two major metastatic factors in human breast cancers [1, 2] . In this study, we found that a link exists between TGF-β1 and CXCR4 expression in human breast cancer MCF-7 cells. To our knowledge, this is the first study on TGF-β1-mediated CXCR4 upregulation in human breast cancer cells.
More and more studies suggest that the SDF-1α/CXCR4 system plays a key role in the progression of breast cancer, including angiogenesis, tumor growth and invasion [29] . Intriguingly, this system has been reported to be involved in promoting organ-specific metastasis of breast cancer cells [2] . Thus, CXCR4-expressing breast cancer cells could migrate to other organs where SDF-1α is secreted, such as the bone marrow and lymph nodes, and this may be one of the molecular mechanisms to organ preference of breast cancer cell metastasis [2, 5] . CXCR4 expression can be regulated by several cytokines, such as interleukin (IL)-4, IL-10 [30] , IL-7 [31] , TNF-α [32] , G-CSF [33] , TGF-β1 [17] [18] [19] [20] [21] [22] and so on. Among these cytokines, TGF-β1 is considered a key factor in promoting breast cancer metastasis [1] . For example, the overexpression of active TGF-β1 (MMTV-TGF-β1 s223/225 ) was found to promote lung metastasis in a mouse mammary carcinoma model [12] . Conversely, blockade of TGF-β signaling via a dominant-negative mutant of the TGF-β type II receptor (TβRII-cyt) led to the inhibition of metastasis of the human breast cancer cell line MDA-MB-231 to bone [13] . We therefore wanted to explore the effect of TGF-β1 on the regulation of CXCR4 expression in breast cancer cells. In this work, we found that treatment of the breast cancer cell line MCF-7 with TGF-β1 resulted in an upregulation of CXCR4 expression at both mRNA and protein levels (Figure 1) . Furthermore, these treated cells demonstrated an increase in the chemotactic response to SDF-1α ( Figure 2 ). These findings indicate that TGF-β1 had a positive effect on the regulation of CXCR4 mRNA and protein expression in MCF-7 cells and enhanced their chemotactic activity in response to SDF-1α.
TGF-β1 secretion was increased in stromal and tumor cells, including in breast cancer [34] . Increased expression of TGF-β1, for example, was detected in MDA-MB231, MCF-7 and MDA-MB436 [14, 35] . We also investigated TGF-β1 mRNA and protein expression in MCF-7 cells using the RT-PCR and ELISA assay, respectively. TGF-β1 mRNA was detected in MCF-7 cells and TGF-β1 protein was secreted into the culture supernatant (data not shown), consistent with previously published data.
Several approaches to block TGF-β activity in breast cancer cells have been developed, including soluble TβRIII [14] , soluble TβRII [15] , dominant-negative TβRII [24] , mutant TGF-β receptor II (mutant TβRII) [36] , and so on. In this paper, we constructed a recombinant vector, pIRES2-EGFP-TβRII-Fc, which was confirmed by restriction digest analysis and DNA sequencing (data not shown). MCF-7 cells were then transiently transfected with the recombinant vector. A fusion protein (approximately 41 kDa), named TβRII-Fc, was produced and secreted into the culture supernatant of these transfected cells (Figure 3 ). TβRII-Fc fusion protein, a soluble form of TGF-β receptor II, proved to be an effective TGF-β antagonist; more importantly, it was found to suppress lung metastasis of mammary tumor cells in MMTV-Polyomavirus middle T antigen transgenic mice [15] . We wondered whether the downregulation of CXCR4 expression could be one of the mechanisms of TβRII-Fcmediated suppression of breast cancer metastasis. To test this hypothesis, CXCR4 expression was examined at the mRNA and protein levels in transfected MCF-7 cells. These cells exhibited a decrease in CXCR4 expression at both levels (Figure 4) . Moreover, this soluble protein may reduce CXCR4 protein expression in both autocrine and paracrine fashions, and their chemotactic response to SDF-1α was significantly (P<0.01) reduced compared to control cells ( Figure 5 ). These results may be due to the negative effects of fusion protein TβRII-Fc on CXCR4 expression in breast cancer cells, which may be one reason why the blockade of TGF-β1 signaling led to the inhibition of breast cancer metastasis.
Together, these data indicate that TGF-β1 upregulated CXCR4 expression in MCF-7 cells, which subsequently enhanced their chemotactic response to SDF-1α. Additionally, we speculate that TGF-β1 may also be associated with the overexpression of CXCR4 and increased metastasis of other human breast cancer cell lines, such as MDA-MB-231 and MDA-MB-435. It has been reported that both TGF-β1 and CXCR4 are overexpressed in MDA-MB-231 cells, and blockade of TGF-β1 activity by soluble TβRIII resulted in the inhibition of lung metastasis of these cells [2, 14, 35] . Another human breast cancer cell line, MDA-MB-435, was found to express both TGF-β1 and CXCR4 [37, 38] . More importantly, the inhibition of TGF-β1 expression using small interfering RNA led to a decrease in the migratory potential of MDA-MB-435 in Figure 5 . A reduction of the SDF-1α-induced chemotactic response in TβRII-Fc transfected MCF-7 cells. The transfected MCF-7 cells were subjected to chemotaxis assays as described above. The results are presented as the chemotaxis index. Representative data are shown from one of three experiments, and the chemotaxis data were analyzed using Student's unpaired t-test. [38] . Further studies are needed to confirm this speculation.
Based on the above findings, we conclude that the upregulation of CXCR4 expression may be involved in the role of TGF-β1 in breast cancer metastasis. In addition, previous studies have reported that TGF-β1 can induce the expression of parathyroid-hormone related peptide (PTHrP), connective tissue-derived growth factor (CTGF) and interleukin-11 (IL-11) in breast cancer cells. The overexpression of these proteins may contribute to breast cancer metastasis to bone [13, 39] . Therefore, TGF-β1 seems to promote metastasis through different mechanisms in breast cancer cells, and upregulation of CXCR4 expression may be one of the mechanisms of TGF-β1-mediated enhancement of the metastatic potential of breast cancer cells.
As demonstrated in this study, CXCR4 expression was upregulated after TGF-β1 treatment of MCF-7 cells, and these treated cells showed an increase in the chemotactic response to SDF-1α. On the other hand, MCF-7 cells were transiently transfected with pIRES2-EGFP-TβRII-Fc, and these cells showed a reduction in CXCR4 expression as well as SDF-1α-induced chemotaxis. In summary, our results suggest that a link exists between TGF-β1 and CXCR4 expression in MCF-7 human breast cancer cells and that this may be one of the mechanisms of the TGF-β1-mediated enhancement of metastatic potential in breast cancer cells. In addition, our findings support the notions that (1) TGF-β1 is an important cytokine to enhance metastasis in breast cancer cells and (2) blockade of TGF-β1 signaling can suppress breast cancer metastasis. In the future, more studies will be needed to expand these investigations to other breast cancer cell lines, and it will be necessary to elucidate the molecular mechanism of TGF-β1-mediated regulation of CXCR4 gene expression in human breast cancer cells.
